A record of > 100 million years of fluid flow, alteration, and metamorphism in the evolving Sierra Nevada magmatic arc is preserved in meta volcanic rocks of the Ritter Range pendant and surrounding granitoids. The meta volcanic rocks consist of: (1) a lower section of mostly marine volcaniclastic rocks, lavas, and intercalated carbonate rocks that is Triassic to Jurassic in age, and (2) an upper section comprising a subaerial caldera-fill complex of mid-Cretaceous age. Late Cretaceous high-temperature contact metamorphism (~2 kbar, >450-500°C) occurred after renewed normal faulting along the caldera-bounding fault system juxtaposed the two sections.
O values of +4 to +7%o. The metavolcanic rocks of the upper section also have low <5
18 O values of + 2 to + 7%a Granitoids have 5 18 O values of + 7 to + 10%o, typical of unaltered Sierran granitoids. The lower section contains discontinuous veins of hightemperature (450-500°C) calc-silicate minerals. These veins are typically <5 m long, do not cross intrusive contacts, and postdate the pervasive alkali alteration. Late veins are typically > 10 m long, formed at temperatures of less than 450-500 °C, and cross intrusive contacts. Veins have similar <5
I8 O values to those of the local host rocks.
The nature of the alteration and the high oxygen isotopic values of the rocks of the lower section indicate that these rocks interacted extensively with seawater at temperatures < 300 °C, probably in superposed marine hydrothermal systems associated with coeval volcanic centers. Metavolcanic rocks of the upper section evidently interacted with meteoris waters, probably in a hydrothermal system associated with the Cretaceous caldera; rocks of the lower section that were adjacent to the caldera were also affected by this alteration. The preservation of the signatures of these earlier events, the nature of the early veins, and results from numerical models of hydrothermal flow that include fluid production indicate that during prograde contact metamorphism, the rocks of the pendant primarily interacted with locally derived fluids. Fluid flow was predominantly upward and away from intrusive contacts and down-temperature. Permeabilities are estimated to have been between 0-1 and 1 /JD, which is that necessary for maintenance of lithostatic fluid pressures. In hydrothermal models with such permeabilities, large-scale circulation of meteoric fluids develops after prograde metamorphism INTRODUCTION Ancient magmatic provinces offer an ideal setting in which to investigate the effects of fluid flow during metamorphism. Abundant veins, hydrothermal ore deposits, and extensive alteration in wall rocks of batholiths attest to the significance of fluid flow in this setting (Barton et al, 1988) . Furthermore, in many regions where fluids have been interpreted to have been responsible for driving metamorphism and transporting significant amounts of heat at mid-crustal depths, large igneous bodies that are temporally associated with at least some of the metamorphism are nearby (e.g., Ferry, 1983 Ferry, , 1986 Ferry, , 1988 Ferry, , 1992 Wickham & Oxburgh, 1986 Hoisch, 1987; Chamberlain & Rumble, 1988) .
Wall rocks in a batholith experience a long and complex history of both heating and interaction with fluids as nearby intrusions are emplaced (Hanson & Barton, 1989) . Furthermore, metavolcanic wall rocks in many batholiths could have interacted extensively with fluids in shallow hydrothermal systems near the time of their formation during the early stages of arc development (e.g., Hamilton, 1988a) . Recognition of superposed effects preserved in wall rocks of batholiths is thus needed to describe the interactions among fluid flow, alteration, magmatism, and metamorphism in arc crust (see also Dunn & Valley, 1990) . Most studies of fluid flow in batholiths, however, have been of relatively short-lived events in comparison with the likely duration of fluid-rock interactions (e.g., see references in Barton et al., 1988; . Calculations of fluid flow parameters and chemical equilibration, for example, are often made with the assumption that flow took place only at peak metamorphic conditions, which in the case of contact metamorphism may represent onlỹ 10 5 years.
In this paper, we document a history of > 100 million years of fluid flow in the Ritter Range pendant in the Sierra Nevada Batholith, California (Fig. 1) . The pendant consists mostly of Triassic to Cretaceous metavolcanic rocks and is surrounded by Late Cretaceous intrusions emplaced during a span of ~ 15 million years (Fiske & Tobisch, 1978) . We use the distribution of major-element geochemical data, stable isotopic data, alteration types in metavolcanic and intrusive rocks of different ages, and data from veins in the pendant to trace the evolution of fluid-rock interactions through time. We then use these data and numerical simulations of hydrothermal systems (Hanson, 1992) to characterize the hydrothermal system associated with the Late Cretaceous batholith.
GEOLOGY OF THE RITTER RANGE PENDANT
The Ritter Range pendant ( Fig. 1) is one of the largest roof pendants (20 km x 30 km) in the Sierra Nevada Batholith (Huber & Rinehart, 1964; Peck, 1964) . We studied an ~ 50 km 2 area in the eastern half of the pendant, most of which has been mapped at 1:6000 ( Fig. 2 ; Fiske & Tobisch, 1978; and unpublished maps) . Many individual lithogenetic units have been distinguished in this area (Fiske & Tobisch, 1978) . Surveys elsewhere in the pendant indicate that our conclusions are representative. Earlier work on the stratigraphy, age, and structure of the pendant and intrusive rocks provides a basis for unraveling the alteration history (Tobisch et al, 1977 (Tobisch et al, , 1986 Bateman & Nokleberg, 1978; Fiske & Tobisch, 1978;  Creeks and other granitoids not associated with an intrusive series and having uncertain ages; 2, Merced Peak (mostly Granodiorite of Jackass Lakes); 3, Washburn; 4, Kaiser (mostly Mount Givens Granodiorite); 5, Tuolomne; 6, Mono Pass. U-Pb ages (Stern et al^ 1981) indicate that the Tuolomne and Mono Pass were emplaced at about the same time (~ 92 to ~ 86 Ma). Hypabyssal intrusions emplaced at ~ 100 Ma include S (Shellenberger Granite) and B (Billy Lake-Rush Creek Granite) (Kistler & Swanson, 1981) . TIL, Thousand Island Lake; GL, Garnet Lake; SL, Shadow Lake. Box shows approximate location of Fig. 2 . Symbols indicate oxygen isotope data on the margins or outside of the area of Fig. 2 ; see Fig. 2 for explanation. [Modified from Huber & Rinehart (1965) , Stern et aL (1981) , and Bateman (1988) ]. Bateman & Chappell, 1979; Nokleberg & Kistler, 1980; Kistler & Swanson, 1981; Stern et al, 1981; Tobisch & Fiske, 1982; Bateman, 1988) .
Stratigraphy
The pendant consists predominantly of Mesozoic metavolcanic rocks; these have been divided informally into two stratigraphic sections that are separated by normal faults ( Fig. 1 ; Fiske & Tobisch, 1978) . The lower section, exposed in the eastern and western parts of the pendant, comprises Triassic to Upper Jurassic or lowermost Cretaceous metavolcanic rocks and minor intercalated calcareous and pelitic rocks deposited in a marine to subaerial environment (Fiske & Tobisch, 1978; Tobisch et al., 1986) . Metavolcanic rocks range in composition from basaltic andesite to rhyolite (see below). Metacarbonate rocks typically form beds a few meters thick or less. The lower section is generally homoclinal, dips steeply, and faces to the west. Older Paleozoic metasedimentary rocks are exposed in the easternmost part of the pendant.
The upper section comprises shallow-dipping, mid-Cretaceous dacitic to rhyolitic ash flow tuff and intercalated caldera collapse breccia that fill a large caldera complex (~ 20 km in diameter) in the central part of the pendant (Fiske & Tobisch, 1978) . The preserved stratigraphic thickness of the section is > 3 km. The age of the upper section is ~ 100 Ma on the basis of both U-Pb and Rb-Sr geochronology (Fiske & Tobisch, 1978; Kistler & Swanson, 1981) . Several mafic intrusions appear to have been em placed along the caldera margin ( Figs. 1 and 2) .
The paleogeography of the Ritter Range pendant changed from a shallow-marine and nearshore-subaerial environment during deposition of the rocks in the lower section to a terrestrial environment during the Early Cretaceous (Fiske & Tobisch, 1978; Busby-Spera, 1984; Saleeby & Busby-Spera, 1992 ). More than 40 thin but laterally extensive carbonate beds are distributed throughout the lower section; marine fossils have been found in two of them (Rinehart et al., 1959; Fiske & Tobisch, 1978) . Because of this paleogeographic setting, the rocks in the lower section could have at least periodically interacted with marine waters. In contrast, meteoric, magmatic, and metamorphic waters could have been involved in hydrothermal systems associated with the Cretaceous batholith and caldera complex. The contrasting depositional environments of the lower and upper sections thus provide a means to decipher the long-term alteration history of the pendant with the use of stable isotopes.
Five large Cretaceous plutons ranging in age from 100 to 86 Ma border the pendant ( Fig. 1 ; Bateman & Nokleberg, 1978; Bateman & Chappell, 1979; Stern et al, 1981; Bateman, 1983 Bateman, , 1988 . Each may have developed as an open-system magmatic center over several million years (Kistler et al., 1986; Hamilton, 1988b; Barton & Hanson, 1989; Bergantz, 1991) . In general, plutons young from west to east. Emplacement of the Tuolomne intrusive series was the last and most important thermal event in the region; the oldest phase of the Tuolomne intrusive series, the Granodiorite of Kuna Crest (~ 91 Ma), is the principal intrusion exposed in our study area in the northeastern part of the pendant (Figs. 1 and 2 ). Several smaller intrusions also cut the pendant; notable among them are two hypabyssal intrusions: (1) the Shellenberger Lake granite, which invades the caldera complex, and (2) the Billy Lake-Rush Creek pluton (Kistler & Swanson, 1981) (Fig. 1 ). Both have ages of 100 Ma, the same as that of the upper section. Several small dikes (< 20 m across) also cut the units of the lower section; some of these are also apparently Late Cretaceous in age (Tobisch & Fiske, 1982) .
Structure
Normal faults along the eastern margin of the caldera juxtapose the upper and lower sections ( Figs. 1 and 2 ). These faults are cut by the Granodiorite of Kuna Crest (Fig. 2) . The faults could thus have been active from 100 Ma, the age of the caldera complex, to ~91 Ma, the age of this intrusion (Stern et al, 1981) . A sequence of rocks of the lower section is cut by these faults near the Nydiver Lakes (Fig. 2) . Potential displacements along these faults must therefore be considered in the interpretation of the alteration patterns of these rocks.
The rocks of the lower section typically contain a penetrative foliation that dips more steeply than bedding (Tobisch & Fiske, 1982) . Strain varies with rock type and with location in the pendant. Mafic lavas and sills are typically least deformed. The lower section exposed to the east of the caldera may have been thinned by ~ 50%; strain in these rocks increases to the east, where a generally down-dip lineation becomes evident (Tobisch et al., 1977; Tobisch & Fiske, 1982) . Most of the rocks of the upper section in the central part of the pendant are at most weakly foliated; however, to the west, rocks of both the upper and lower sections, as well as one of the oldest Cretaceous intrusions, are strongly deformed along a shear zone (Peck, 1964) .
The internal structure of the lower section has been uncertain [for a discussion, see Tobisch et al. (1986) ]. Nokleberg (1983) proposed that a major terrane boundary extends through the eastern part of the pendant just east of Shadow Lake (Fig. 1) . Nokleberg & Kistler (1980) and Nokleberg (1983) suggested that much of the lower section is isoclinally folded. Our mapping indicates that individual ash flow tuffs cross the purported terrane boundary with only minor offset; and a variety of facing indicators, including pillow tops, crossbeds, cut and fill structures, and the sequence of U-Pb ages, indicate that the rocks face to the west. Tobisch et al. (1986) suggested that Cretaceous listric faulting repeated parts of the lower section, although specific faults or unequivocal repetition of section have yet to be demonstrated; assessment of this hypothesis awaits more detailed geochronology. These structural complications do not significantly affect the interpretation of the alteration of the rocks, which is based primarily on the geochemistry and metamorphic assemblages and differences between alteration patterns in the lower and upper sections.
Metamorphic petrology
Peak metamorphic assemblages throughout the Ritter Range pendant (Fig. 3) reflect the thermal metamorphism caused by emplacement of the Late Cretaceous batholith (Tobisch et al, 1986; Barton et al, 1988; Barton & Hanson, 1989) . Metamorphic mineral assemblages range from hornblende-hornfels fades to pyroxene-hornfels fades at intrusive contacts. Locally, these are overprinted by lower-grade chlorite-or muscovite-bearing assemblages.
Assemblages within ~0-5 km of intrusive contacts in the rocks of the lower section include: (1) cordierite + potassium feldspar or andalusite + potassium feldspar in felsic metavolcanic rocks; (2) hornblende + cummingtonite + calcic plagioclase in mafic metavolcanic rocks; and (3) almandine + cordierite + gedrite in metapelitic rocks. The association of andalusite with potassium feldspar reflects the breakdown of muscovite in the andalusite stability field. The extent of this assemblage up to 0-5 km from intrusive contacts (Fig. 2) , together with the lack of sillimanite in the pendant, indicates that pressures during metamorphism were ~ 2-2-5 kbar, equivalent to a depth of exposure of ~6-9 km (Turner, 1981; Pattison and Tracy, 1991) . Hornblende geobarometry indicates that the level of exposure in the surrounding plutons is also ~ 2 kbar (Ague & Brimhall, 1988) . Similar conditions were inferred by Kerrick (1970) and (Fig. 2) . Rocks are divided into mafic, felsic, and carbonate (Carb) lithologies. Assemblages in rocks from the upper section are generally equivalent to assemblages in felsic rocks in the lower section. Muscovite and chlorite occur as retrograde phases in the high-grade rocks. Garnet is principally andradite in mafic metavolcanic rocks, almandine in minor pelitic rocks, spessartine in piemontite zones, and grossular in metacarbonate rocks. In addition to the phases listed, most felsic and mafic metavolcanic rocks contain magnetite and/or hematite, sphene, and late tourmaline.
the north-central part of the Sierra Nevada batholith. The presence even far from intrusions of widespread biotite, andalusite, and pseudomorphs of staurolite in aluminous rocks; biotite, hornblende, and calcic plagioclase in mafic metavolcanic rocks; and wollastonite + grossular + diopside assemblages in calc-silicate rocks indicates that peak temperatures exceeded ~450-500 °C at this depth throughout the lower section (e.g., Maruyama et al., 1983; Pattison & Tracy, 1991; Tracy & Frost, 1991) . A high-grade border zone up to ~ 100 m across surrounds the Granodiorite of Kuna Crest exposed at Garnet Lake (Fig. 2) . In this zone, strongly foliated rocks are composed predominantly of quartz+plagioclase+hornblende + biotite + K-feldspar ± cummingtonite ± clinopyroxene in a gneissic to migmatitic texture. Locally, these rocks enclose aligned boudins up to 1 m across of grossular + diopside + epidote + hornblende-bearing skarn that appear to represent transposed calc-silicate layers. The foliation in this zone deviates from the regional foliation and follows the intrusive contact. Pegmatitic and aplitic dikes locally crosscut the foliation.
Assemblages diagnostic of the grade of metamorphism in the rocks of the upper section are scarce because of the felsic bulk composition of most of the rocks. Metamorphic hornblende and andalusite + K-feldspar assemblages occur locally near intrusive contacts; biotite is present, although typically of minor abundance, in most rocks. These observations Samples were selected to show some of the extremes in alteration. [See Kistler & Swanson (1981) for additional analyses.] Numbers group samples from different parts of the pendant from a single volcanic unit; samples (3) and (4) are from the eastern and western, respectively, prominent ash flow tuffs in Fig. 2 . Individual units tend to show similar patterns of alteration. Variation in silica content in unit (4) is partly because of compositional zoning in the tuff. Variations in CaO contents may reflect local Ca-rich alteration related to veins. Chemical analyses were performed at the U.S. Geological Survey, Reston, by both X-ray fluorescence (XRF) (mostly) and wet chemistry. A few samples were analyzed as fused powders by electron microprobe at the Smithsonian Institution, Museum of Natural History. Duplicate analyses on the same sample (both with the same and with different techniques) indicate that the data are reproducible within 2% for most elements and 5% for Na 2 O and MgO. and the geologic evidence for thejuxtaposition of the upper section against the lower section before intrusion of the Tuolomne intrusive series indicate that peak metamorphic temperatures in the upper section also probably exceeded 450-500 °C.
At least part of the penetrative fabric observed in the lower section developed during prograde metamorphism (Tobisch et al., 1986; Barton & Hanson, 1989) . Muscovite and biotite typically define the foliation. Although most porphyroblasts crosscut this fabric, strain shadows and inclusion trails in some porphyroblasts indicate that some mineral growth coincided with deformation. This evolution of fabrics is consistent with a history of protracted prograde contact metamorphism associated with multiple intrusions (Barton & Hanson, 1989) .
EVIDENCE FOR ALTERATION HISTORY

Whole-rock geochemistry
Whole-rock major-element geochemical data for > 140 samples from the eastern half of the Ritter Range pendant illustrate the pervasive nature of widespread alteration and provide clues to its age and origin ( Table 1 ). The alkali and Ca contents of many rocks from throughout the pendant and their variation among the rocks clearly do not reflect those of any reasonable protolith (Table 1 and . We assume [as have others (e.g., Kistler & Swanson, 1981) ] that the rocks were originally calc-alkaline, on the basis of the wide range of silica contents, the abundance of rocks with intermediate silica contents (probably andesite and dacite), minor element abundances, preservation of quartz and feldspar phenocrysts in felsic rocks, and abundant intermediate to anorthite-rich (up to An 83 ) plagioclase phenocrysts in mafic rocks [typical of andesites (Gill, 1981) ], as well as the tectonic setting. The SiO 2 content of metavolcanic rocks in the lower section ranges from 48 to 78% by weight ( Fig. 4 and Table 1 ); most of the metavolcanic rocks of the upper section have SiO 2 > 65%. Although the extreme values probably reflect silica enrichment and depletion, the Si contents of most rocks are consistent with likely original compositions inferred from relict igneous minerals and abundances of relatively immobile elements such as Al and Ti. We have thus used Si contents of the metavolcanic rocks as a basis for comparing the alkali, Ca, and Mg contents with those of a broad range of typical caJc-alkaline volcanic rocks, local unaltered Sierran granitic rocks, and local Cenozoic volcanic rocks to characterize the Fields in all panels show typical variation of andesites (A) (Gill, 1981) and Sierran granites and the Bishop TufT(SG) (Bateman et al., 1963; Hildreth, 1979) , including alkali-rich rock varieties, for comparison. The original compositions of the metavolcanic rocks were probably within these fields. AU compositions are in weight percent. Fig. 2 for locations). Also shown are oxygen isotope data; numbers in brackets are from veins; some analyses have been extrapolated along strike (Fig. 2) . Lines connecting geochemical data are for visualization of trends only. The strong anticorrelation of Na and K contents throughout the stratigraphy is incompatible with plausible magmatic variations but is consistent with variable hydrothermal replacement of Na by K or vice versa, xt, crystal-rich ash flow tuffs that represent single depositional units; lm, limey bed; flt, fault; int, small hypabyssal intrusion; dike, Cretaceous-aged dike truncating a K-rich ash flow tuff; mn, Shadow Lake piemontite zone.
within the range of contents of typical siliceous calc-alkaline rocks; however, they show an array of alkali contents that is inconsistent with magmatic variations but is consistent with variable hydrothermal exchange of Na and K. Twelve samples show anomalous Na contents compared with those of likely protoliths; most of these (9 of 12) (28%) are enriched in Na (Fig. 5B ). In contrast, only 8 of the 70 samples from felsic rocks (>60% SiO 2 ) in the lower section have alkali contents within the range of those of likely protoliths. Most of the samples (51 of 70) show anomalously low Na contents. About a third of these (17 samples) show marked enrichment of K, up to 10-6% K 2 O, whereas a third also have low K contents and are thus strongly depleted in total alkalis. In contrast to the felsic rocks, nearly half of the mafic rocks in the lower section (14 of 31 samples) are enriched in total alkalis compared with likely original compositions (Fig. 5A ). In addition to the strong alkali alteration in the rocks of the lower section, some rocks are strongly oxidized or enriched in MnO, or both, and many rocks have anomalous MgO/CaO ratios (Table 1 ; Fig. 5C ). Detailed petrographic and geochemical observations demonstrate that alteration is pervasive on the scale of individual grains throughout the rocks of both the lower and upper sections. In the lower section, many felsic ash flow tuffs contain zoned metamorphic alkali feldspars (K to Na rich or Na to K rich). Feldspar phenocrysts in rocks with K 2 O > 7% by weight are now Or 93 _ 98 (in a range of 12 samples from various units determined by electron microprobe analyses); originally these phenocrysts were probably sanidine and contained significantly more albite component (e.g., Carmichael et al., 1974) . Much of the matrix of these rocks is also fine-grained, K-rich (>Or 93 ) alkali feldspar and white mica. Primary volcanic mafic minerals are nowhere preserved in either felsic or mafic metavolcanic rocks. Metamorphic biotite and magnetite ( + muscovite, hematite, and chlorite) replace magmatic hornblende and biotite, and actinolite and hornblende typically pseudomorph pyroxene. Although zoned igneous plagioclase is locally preserved, crystals commonly contain finegrained alkali feldspar along and adjacent to fractures.
Alteration of the siliceous tuffs that make up most of the upper section is most evident in the matrix, where fine-grained feldspar, albite, and white mica are abundant. As in the lower section, all igneous biotite and hornblende have been replaced. Feldspar phenocrysts, however, are generally less altered than counterparts in ash flow tuffs in the lower section.
Stratigraphy strongly controls alteration patterns in the lower section. In detail (Fig. 6 ), Na and K contents are strongly anticorrelated on the scale of individual units such that nearby units show markedly different alteration effects. This pattern is evident even in the few units that have alkali contents within the ranges of those of likely unaltered protoliths ( Fig. 6 ) and is characteristic of pervasive hydrothermal alkali exchange. For example, nearly complete leaching of alkalis from a quartz-bearing ash flow tuff near the San Joaquin River has produced a rock containing quartz (80%), andalusite (15%), and corundum (3%; entirely enclosed within the andalusite) (Huber & Rinehart, 1965) . This altered unit is 10 m thick and extends for > 1 km. Adjacent units are variably enriched in Na, K, or both. Higher in the section, two thick ash flow tuffs that extend for > 4 km across most of the pendant (Fig. 2 ) are everywhere enriched in K and depleted in Na [ Table 1 , samples (3) and (4); Fig. 6 ]. Some nearby crystal tuffs are also.enriched in K, but others are enriched in Na or total alkalis. The prominent Shadow Lake piemontite zone, characterized by oxidized, Mnrich rocks, is partly stratabound (Huber & Rinehart, 1965; Keskinen, 1981) . Other less prominent piemontite-bearing zones crop out both higher and lower in the section, primarily in lapilli-rich tuffs (Fig. 2) .
A variety of features constrain the age and origin of alteration in the two sections. The patterns of alteration in both the upper and lower sections are not related to contacts with the Cretaceous granitoids, which are not pervasively altered. For example, near Garnet Lake, the Granodiorite of Kuna Crest truncates the westernmost K-rich tuff described above (Fig. 2) . Mafic igneous minerals in the granitoid, including hornblende-and clinopyroxene, are preserved and appear fresh even at contacts. Zoned plagioclase is widespread, and calcium-rich cores are not appreciably saussuritized. Dikes that extend out from the pluton into altered metavolcanic rocks are also mineralogically unaltered. In addition, several early Cretaceous mafic and felsic dikes cut altered rocks in the lower section. Alteration of both the upper and lower sections also predates their final juxtaposition across the calderabounding faults.
Veins and other evidence for fluid flow during contact metamorphism
A variety of veins occur throughout the Ritter Range pendant (Table 2) ; most are clearly associated with high-grade Late Cretaceous contact metamorphism and thus record a hydrothermal event that postdates the alkali alteration described above. Veins are separated into early and late veins on the basis of crosscutting relations, mineralogy, orientation, and fabric.
Early veins (Fig. 7 ) appear to be restricted to rocks in the lower section. They do not occur in the surrounding granitoids and are cut by granitic dikes. They are typically discontinuous, zoned, and contain calc-silicate assemblages ( Table 2 ) that are generally consistent with peak metamorphic assemblages in host rocks. For example, many contain hornblende of similar composition to hornblende in adjacent host rocks. As is evident from the vein assemblages, early veins have high Ca contents and low Na, in particular, and K contents ( Table 2) .
Many of these veins may represent fluid flow at or just after peak temperatures were attained in that prominent vein envelopes typically overprint metamorphic porphyroblasts. In addition, most early veins clearly record less strain than the host rocks of the lower section and commonly obliquely crosscut the strong foliation. However, some early veins in the eastern part of the pendant where strain is greatest are perpendicular or at large angles to the lineation, and a few others appear to be partially transposed into the foliation. Some veins are also folded or ptygmatic. These relations suggest that some deformation continued through to peak metamorphism.
The outcrop abundance of early veins and envelopes is generally < 10% but locally up to 25-30% by volume. Veins are spaced from ~ 10 cm to several meters apart and range up to several centimeters in thickness. Envelopes range up to several centimeters in thickness and are characterized by absence of biotite and magnetite and replacement by hornblende and/or feldspar. Many early veins are gashes that extend for < 1 m. Early veins are most abundant in shear zones, in piemontite-bearing zones, near contacts of metavolcanic rocks with metacarbonate units, and in some of the massive mafic metavolcanic rocks (Fig. 7) discontinuous veins and vermicular leucosomes that contain quartz + plagioclase + tourmaline ± hornblende consistently have an orientation perpendicular to the intrusive contact and foliation (these veins are not included in Fig. 8 ).
Late veins occur in both the lower and upper sections. Unlike the early veins, late veins cut the plutonic rocks. They are thus the primary evidence for post-emplacement fluid flow in the granitoids. Late veins are straight and extend for many tens of meters. They contain quartz + chlorite ± epidote ± actinolite ± chalcopyrite assemblages that are similar to retrograde assemblages in the host rocks. These relations indicate that the veins were filled at temperatures considerably below those of peak metamorphism (< 450-500 °C; many were probably rilled at <400°C). Late veins are typically subparallel, spaced ~ 1 m or so apart, and are < 2 cm wide. Many have thin (< 5 mm) bleached envelopes in which biotite is absent and alkali feldspars and chlorite are abundant.
In contrast to the variable orientation of early veins, late veins consistently strike to the northeast, perpendicular to the regional foliation ( Fig. 8B and C) . Late veins tend to dip steeply in rocks of the lower section (Fig. 8B ), but intersecting steeply dipping and subhorizontal veins (possibly conjugate sets) are common in rocks of the upper section and granitoids (Fig. 8C) .
Fluid composition during contact metamorphism
The presence of abundant andradite-grossular, epidote, hornblende, and (locally) idocrase together with quartz in early veins in mafic rocks and epidote + quartz in veins in felsic rocks requires that these veins formed in equilibrium with H 2 O-rich fluids. Grossular + quartz assemblages are in equilibrium with a fluid with a mole fraction of H 2 O (A" HlO ) of at least 0-9 at 2 kbar and ~550°C (e.g., see Labotka, 1991; Tracy & Frost, 1991) ; epidotebearing assemblages or formation at lower temperatures require equilibrium with a fluid that is more H 2 O rich. The presence of wollastonite + quartz, and grossular + quartz ± diopside assemblages in many metacarbonate rocks also indicates that many of these rocks were also in equilibrium with a water-rich fluid (X Hl0 >09 at 2 kbar). The local preservation of quartz + calcite assemblages in some calc-silicate rocks, however, suggests that infiltration of H 2 O-rich fluids was not pervasive or was locally limited so that some reactions did not go to completion. The presence of abundant chlorite and epidote in late veins indicates that late-vein fluids were also water rich.
Retrograde assemblages in the matrix provide further evidence for infiltration of H 2 Orich fluids at temperatures below those of peak metamorphism. Retrograde minerals typically have an isotropic fabric, crosscut foliation, or replace earlier minerals. Retrograde chlorite and muscovite are common; in many rocks andalusite and cordierite are partially or completely replaced by muscovite, corundum, or margarite (Fig. 3) . Late tourmaline is present up to a few percent in most rocks, typically as radial splays.
Elliptical, epidote-rich knobs ranging from a few millimeters to ~0-5 m across display mineralogies and reaction rims similar to those in the veins. In addition to abundant epidote, these knobs contain quartz and locally axinite, piemontite, actinolite, grossularitic garnet, calcite, and sphene. The knobs are most abundant and largest in lapilli-rich ash flow tuffs and lavas near where calcareous lenses crop out along strike; locally, epidote knobs can make up 30% of the rock. Crosscutting relations indicate that the knobs formed before the late veins, but their age with respect to the early veins is uncertain; multiple generations of knobs may be present. In the eastern part of the pendant, in particular, knobs are fractured and pulled apart in the direction of the lineation. These knobs at least must have formed before the final pulse of penetrative deformation.
Stable isotopes
A total of 58 rocks that cover the range of chemical alteration patterns and veins observed in the metavolcanic rocks and the nearby granites were analyzed for stable isotopes (oxygen, hydrogen, and carbon), to characterize the fluids responsible for the alteration and veins (Table 3) .
As was the case for the alkali alteration, there are systematic differences in <5
18
O values among the rocks of the lower and upper sections and the granitic rocks. Except for the faultbounded rocks of the lower section near Nydiver Lakes (discussed below) and one analysis from a mafic lava with epidote knobs of 7-4%o, the metavolcanic rocks from the lower section have high ( 5 18 O values (11-1 -160%o). Analyses are from both whole rocks and quartz phenocrysts with relict igneous textures. These values are significantly greater than those of most unaltered volcanic rocks, which typically are between +5 and +9%o (Taylor & Shepard, 1986 O values with increasing degree of reaction, as indicated by the abundance of calc-silicate minerals (Table 3) . One marble in the lower section, which consists of calcite and minor quartz, has a 8 l8 O (calcite) of + 19-2%o and a <5 13 C of -21%o; these values approach those for unaltered marine carbonate rocks. In contrast, a calc-silicate rock from the same unit that contains >90% wollastonite has a <5 18 Oof +14-lXo. In contrast to the rocks in the lower section, the rocks of the upper section yielded values from +7-5%o to as low as +21%o (Figs. 1 and 2; Table 2 ). The granitic rocks have intermediate whole-rock <5 18 O values between +75 and +9-5%o, typical of unaltered granitoids in the Sierra Nevada batholith (Masi et al., 1981; Bateman et al., 1991) .
The stable isotopic data, and in particular the evidence for isotopic alteration of quartz phenocrysts, support the conclusions from the ^ajor-element geochemical data that (1) most of the metavolcanic rocks have interacted pt lively with fluids, and (2) the alteration histories of the lower and upper sections and anitoids are different. One important distinction, however, is that the fault-bounded lower-section rocks near Nydiver Lakes, which have the characteristic alkali alteration of the rocks in the rest of the lower section, have whole-rock and quartz 5
ia O values similar to those of the rocks of the upper section. Calcite from a marble in the fault-bound rocks yielded a <5
O value of + 6-8%o. Most of the quartz phenocrysts in ash flow tuffs near the Nydiver Lakes (<5 18 O= + 4-7 to + 7-5%o) have been recrystallized into a mosaic of polygonal quartz grains. In contrast, single quartz crystals with idiomorphic textures (<5 18 O = + 11-2 to + 130%o) are common in the rest of the lower section. * Oxygen and hydrogen isotopic compositions of whole-rock powders and hand-picked mineral separates were measured using standard extraction and mass spectrometric techniques. Oxygen from silicates was extracted by fluorinahon with C1F 3 and then converted to CO 2 by reaction with hot graphite (Borthwick & Harmon, 1982) . Hydrogen was extracted by heating hydrous minerals to > 1200°C and using hot U to convert the released water to H 2 (Friedman, 1953) . CO 2 and H 2 were measured on a Finnegan-MAT 250 mass spectrometer using working standards that are calibrated against NBS-28 (for S' 8 O SMOW = + 9-65%o), NBS-20 (for C) and V-SMOW (for H 2 ).
t Analysis from Kistler & Swanson (1981) . wr, whole rock; qz, quartz; fs, feldspar; ch, chlorite; cc, calcite; bi, biotite; hb, hornblende; ac, actinolite; mu, muscovite; gt, garnet; pm, piemontite; r, retrograde. GL, Garnet Lake; SJR, San Joaquin River. Numbers in parentheses indicate average of duplicate analyses. (Table 3 ). The highest value measured, -66%o, is from chlorite that has completely replaced some of the earliest metamorphic porphyroblasts to form in the pendant (staurolite?); the presence of rotated inclusion trails in these pseudomorphs and pressure-shadows implies that the porphyroblasts grew during penetrative deformation.
INTERPRETATION OF ALTERATION HISTORY
The various data described above provide evidence for a long and complex alteration history in the Ritter Range pendant. We suggest that the various alteration events associated with this history are recorded to varying degrees in rocks of different ages and in different areas of the pendant. The granitoids preserve only the last event. We first trace the alteration history before focusing in detail on the high-temperature fluid-rock interactions associated with emplacement of the Cretaceous Sierra Nevada batholith.
Alteration of the lower section
The rocks of the lower section display pervasive alkali alteration characterized by extreme K or Na enrichment or depletion and high <5
18 O values. This alteration predates emplacement of the granitoids and associated contact metamorphism and veining. It is isotopically and geochemically distinct from the pervasive alkali alteration in the rocks of the upper section. These features are thus evidence of the oldest alteration event in the region. We suggest that the fault-bounded lower-section rocks near the Nydiver Lakes also experienced this event and that their low <5 O value (0 to +5%o) at relatively low temperatures, so that the isotopic fractionation between the rock and fluid is large. Possibilities include interaction with (1) large amounts of pre-Cretaceous seawater [<5 18 O«0%o (Muehlenbachs, 1986) ] at temperatures below ~250°C (Fig. 9) , as for altered pillow basalts in mid-ocean ridge spreading systems (Muehlenbachs, 1986) and ophiolites (e.g., Schiffman & Smith, 1988) ; or (2) a closedbasin brine enriched in alkalis, as is thought to have produced K enrichment and high 5
l8 O values in rocks in many extensional terranes in the southwestern United States (Chapin & Lindley, 1985; Roddy eta/., 1988; Glazner, 1988) . However, the dominantly marine conditions during deposition of the lower section of the Ritter Range pendant, the lack of evaporite deposits in the section, and the repetition of distinct alteration trends in different, but not all, ash flow tuffs throughout the stratigraphic column-that is, in rocks deposited tens of millions of years apart--is most consistent with submarine hydrothermal alteration. Extensive interaction with metamorphic or magmatic fluids (8 18 O value of + 7%o or greater) at high temperatures can be ruled out because the widespread alkali alteration occurred before Cretaceous magmatism. Furthermore, because the upper and lower sections were juxtaposed at the time of contact metamorphism, the preservation of oxygen isotope heterogeneities, and particularly the low 8
l8 O values of the lower-section rocks near the Nydiver Lakes, indicates that the large-scale alteration patterns were established before high-temperature contact metamorphism.
Low-temperature submarine alteration is consistent with the extent and variety of alteration observed in the lower section. Mg-Ca exchange and oxidation, evident in many O data from whole rocks and quartz (q) of the lower section; pm indicates quartz analyses from piemontite zones. Extensive interaction with seawater at temperatures <25O°C is required to produce the 5 18 O of most of the tower-section rocks, and interaction at temperatures of 150-200 °C or lc.ss is required for the piemontite zones. Fractionation curves are calculated from equations given by Matsuhisa et al. (1979) (extrapolated to low temperatures).
rocks in the lower section (Fig. 5C ), are common features of submarine alteration (Alt et al, 1986; Seyfried, 1987; Barton 'et al, 1991) . Several lower-section rocks have high Mg/Ca ratios despite the abundance of Ca-rich veins in the section. Some of the abundant epidotization of the mafic rocks may have also occurred at this time (Sorensen et al, 1990 ); such alteration is common at moderate temperatures (300 °C) in mid-ocean ridge hydrothermal systems (Seyfried, 1987) . The geochemistry of oxidized and Mn-rich piemontite zones probably reflects weathering on the sea-floor (Keskinen, 1981) . Extensive interaction with seawater at temperatures <200°C is required to generate the high <5
18
O values (up to + 16-0) observed in these zones (Fig. 8) . The piemontitic zones locally contain layers up to 10 cm thick of braunite (Mn 7 SiO 12 ), which may represent metamorphosed Mn oxides, and hematite is abundant.
Although much remains to be learned about the submarine alteration of felsic volcanic rocks, the strong stratigraphic control of the K alteration suggests that much of this alteration may be due to interaction of the tuffs with seawater soon after deposition and cooling. Interaction of seawater with rocks at temperatures greater than ~150°C will typically result in exchange of Na for K in rocks (Munha et al., 1980; Alt et al., 1986 ), but at lower temperatures K is exchanged for Na and abundant adularia is formed (Munha et al, 1980; Chapin & Lindley, 1985) . The K-rich composition of feldspar phenocrysts in altered tuffs is also consistent with recrystallization at temperatures of < 300 °C (e.g., Yund & Tullis, 1983; Glazner, 1988) .
The range of ages of the volcanic rocks in the lower section implies that the rocks interacted perhaps continuously with low-temperature fluids for 10 to perhaps 50 million years or more for the oldest rocks as submarine hydrothermal systems associated with nearby volcanic centers waxed and waned. The alteration cannot be ascribed to any particular hydrothermal system. The pendant contains only small (<1 km 2 ) Triassic and Jurassic hypabyssal intrusions; these are of insufficient size to have driven moderate to hightemperature fluid circulation for long periods of time. Distinct zones of alteration around these bodies are not observed. Large (>20km 2 ) Jurassic intrusions are exposed several kilometers east of the pendant, far enough that the rocks in the Ritter Range pendant would have been in the low-temperature part of any hydrothermal system associated with these intrusions.
In detail, specific alteration types, including the differences in alteration among different units and between the mafic and felsic rocks, probably depend on rock composition; longterm variation in permeability; and the time-integrated effects of fluid composition, fluid/rock ratio, temperature of alteration, and direction of fluid flow (Orville, 1963; Munha et al., 1980; Mottl, 1983; Alt et al., 1986; Seyfried, 1987; Ferry & Dipple, 1991) . The ash flow tuffs in particular probably had a high permeability after deposition, and they tend to show the greatest alteration and strong evidence for low-temperature alteration with seawater, as discussed above. In contrast, the more massive mafic flows and hypabyssal intrusions, which would have been less permeable, are in general less altered; these rocks may have been relatively more affected by long-term interactions with submarine hydrothermal fluids. Because alteration of nearby rocks probably reflects flow at different times and over a long span of time, mapping fluid flow paths in the lower section is not practical.
The extensive K enrichment of some of the ash flow tuffs throughout their lateral extent provides some evidence for the amounts of fluid involved (see Munha et al., 1980) . Because the concentration of K in seawater is low, ~0-4g per kilogram of water, enormous quantities of seawater are required to produce significant K enrichment in rocks. For rocks that contain > 10% K 2 O by weight, an enrichment of at least 40 g of K per kilogram of rock is likely from any probable original composition. Such alteration would require a minimum volumetric water/rock ratio of ~ 100. This huge value is consistent with estimates from midocean ridge hydrothermal systems (e.g., Muehlenbachs, 1986) . The thorough resetting of quartz phenocrysts to high 6 l8 O values in many rocks also indicates that large amounts of fluid must have been involved; equilibrium isotopic exchange between fluids and rocks almost certainly did not occur at the low temperatures likely for alteration (e.g., Cole & Ohmoto, 1986) .
Pervasive low-temperature interaction with hydrothermal fluids would extensively hydrate the metavolcanic rocks. Altered ocean-floor basalts, for example, may contain up to 11% bound H 2 O by weight in clay minerals, epidote, and chlorite (e.g., Mottl, 1983) . Such hydration could have provided much of the fluid that was subsequently released from the rocks during the contact metamorphism.
In summary, many of the rocks of the lower section were extensively altered by interaction with seawater at low temperatures. This style of alteration apparently persisted from the Triassic through the Late Jurassic. As the depositional environment of the volcanic section changed from submarine to terrestrial near the beginning of the Cretaceous (Busby-Spera, 1984; Saleeby & Busby-Spera, 1992), sea water-induced alteration must have waned and then ceased. The major-element and oxygen isotopic signatures of this submarine alteration were evidently preserved through high-temperature contact metamorphism associated with the emplacement of the Cretaceous batholith.
Alteration of the upper section
The metavolcanic rocks of the upper section fill a large terrestrial caJdera. They display low (5 18 O values and less dramatic alkali alteration than the rocks of the lower section. These characteristics are indicative of meteoric alteration in a shallow hydrothermal system at low to moderate temperatures (200-400 °C) (e.g., Criss & Taylor, 1986) . This event clearly did not affect the later granitoids, which are fresh and have unaltered S
1S O values. The Shellenberger Granite, which intruded the rocks of the upper section soon after they were deposited, is not pervasively altered (e.g., biotite is not chloritized and the measured <5 18 O value is magmatic). We thus infer that alteration was associated with formation of the caldera.
The fault-bounded rocks of the lower section near the Nydiver Lakes record low <5 O values and the location of the rocks within the fault zone separating the upper and lower sections indicate that the Nydiver rocks were also extensively affected by the caldera hydrothermal system. In addition, the major-element alteration patterns in these faultbounded rocks suggest that they (like the rest of the lower section) underwent the earlier submarine alteration; metacarbonate rocks in this section contain marine fossils (Rinehart etal, 1959) . That <5
18
O values were uniformly reset to low values in the rocks near the Nydiver Lakes (and in the recrystallized quartz phenocrysts) implies that fluid fluxes during the meteoric hydrothermal activity must have been high in this area, as might be expected along a fault zone. Hydrothermal alteration associated with this event may have also produced the distinctive Zn mineralization found in metacarbonate rocks near the Nydiver Lakes and extending only along the caldera margin (Huber & Rinehart, 1965; Huber et al, 1982 ; Fig. 2 ).
The absence of low <5
O values in the rest of the lower section indicates that these rocks were less permeable than the rocks of the upper section and that meteoric hydrothermal flow was primarily focused within the caldera and its bounding faults. These conditions can most easily be satisfied if the rocks of the lower section were at depths below the level of extensive meteoric circulation when the caldera formed. Such a geometry also seems necessary to account for the significantly greater ductile strain observed in the rocks of the lower section than in the upper section. As discussed above and by Tobisch et al. (1986) , much of the strain seems to have developed during emplacement of the Cretaceous Sierra Nevada batholith. If the rocks of the lower section were at depths of ^ 5 km, a strong difference in penetrative strain would be expected. The faults separating the upper and lower sections have a minimum of 3-4 km of throw, the approximate thickness of the caldera fill (Fiske & Tobisch, 1978) . Reactivation of the faults after caldera formation, together with continued eruption and deposition of volcanic rocks primarily within the caldera, could easily account for the juxtaposition of the two sections at depths of 6-9 km during peak contact metamorphism but after much of the strain had accumulated. Final movement on the faults may have immediately preceded and even facilitated emplacement of the Granodiorite of Kuna Crest, which partly invades the fault zone. Such a history of superposed episodes of ductile strain and brittle faulting is likely in the upper crust of developing batholiths as temperatures rise and fall in response to nearby intrusive events (see Gettings, 1988; Barton & Hanson, 1989) . The lower-section rocks near the Nydiver Lakes may have either been at higher levels than the rest of the rocks in the lower section during formation of the caldera or were altered by deep penetration of meteoric fluids along the faults.
Fluid flow during high-temperature contact metamorphism
Fluid flow during contact metamorphism associated with the Late Cretaceous Sierra Nevada batholith is evidenced primarily by the abundant veins but also by local pervasive metasomatism (most evident in the metacarbonate rocks) and the development of retrograde mineral assemblages. Fluid flow coincided with prograde metamorphism and continued as temperatures declined.
The preservation of contrasting isotopic patterns between the rocks of the upper and lower sections, and, on a fine scale, among different rock units of the lower section, indicates that fluid flow during high-temperature contact metamorphism was insufficient to homogenize or reset the established 5
18 O values of the rocks on a large scale. In particular, the high (5 18 O values of the early veins and the preservation of high and heterogeneous <5
18 O values of the rocks of the lower section preclude extensive circulation of meteoric water (<5 18 O<0) through these rocks at this time (cf. Andrew & (Weil, 1989) . The abundance of veins and evidence for high activities of H 2 O in vein fluids and in many of the thin calcsilicate units, however, implies that significant amounts of fluids moved through many rocks (e.g., Ferry, 1986 . This fluid must have therefore been in near-isotopic equilibrium with the rocks of the lower section.
Possible sources of large amounts of such H 2 O-rich fluids are (1) pore fluids; (2) fluids produced by metamorphic devolatilization reactions; and (3) magmatic fluids. Significant interaction with magmatic fluids is not indicated by the <5
18
O values of samples near intrusive contacts, but the effect would be slight and difficult to detect in many rocks. Such fluids must have been important at least at higher levels than exposed in the Ritter Range pendant near the tops of the large granitoids. A simple comparison shows that pore fluids were unimportant compared with metamorphic fluids. Lost fluid from devolatilization was almost certainly >1% by weight whereas porosity probably contributed <O3% [fora porosity of 001, a high porosity for metamorphic rocks (Norton & Knapp, 1977) ]. Devolatilization of only 1% H 2 O from a 5-km-thick section leads to a total fluid flux of 10 5 kg/m 2 . Extensive lateral transport of pore fluids (from > 15 km away in the above example) would be required for these fluids to dominate the fluid flux through the pendant. The hydrothermal system required is such that fluids would have to cross other contemporaneous hydrothermal systems associated with nearby intrusions, which is not possible. We thus conclude that fluids produced by devolatilization, with perhaps a contribution from magmatic fluids, dominated fluid fluxes through the rocks of the lower section during prograde contact metamorphism. We provide further support for these conclusions and discuss the implications in the next section using numerical models. Although we suspect that metamorphic fluids also dominated flow through the rocks of the upper section during prograde metamorphism, the isotopic data for these rocks do not allow firm conclusions to be made.
The early and late veins provide additional information on the evolution of fluid flow during metamorphism. We illustrate the general parageneses responsible for formation of the veins and discuss constraints on the compositions of vein-forming fluids with the use of two activity diagrams in the system Ca-Al-Si-K-Mg-O (Fig. 10) . Mineral activities used for construction of the diagrams are based on typical mineral compositions determined from microprobe analyses (B. Hanson & S. Sorensen, unpub . data) and ideal-multisite activities (see Fig. 10 Helgeson et al. (1978) . Arrows shows general sequence of reactions from host rocks toward veins: (a) early veins in K-nch rocks; (b) early veins in K-poor mafic rocks; (c) late veins and retrograde reacUons. Specific directions are not implied. Muscovite typically appears as a retrograde phase in groundmass rather than in veins_ Comparison with Table 2 indicates that a(Ca 2 + ) increases and a(Mg^) decreases toward most early veins and that a(H ) increases toward most late veins. Ideal-multisite activities were used; nonunity activities are: An 0-8-Chi, 003; Cz, 033; Gr, 006; Ma, 075; Phi, OOS; Tr, O03; Mu, 097; Kf, O93; Di, 05. Abbreviations: Di, diopside; Wo! wollastomte; Gr, grossular, Tr, tremolite; An, anorthite; Phi, phlogopite; Mu, muscovite; Ma, margarite;' Ch{ chlorite; Kf, potassium feldspar, Cc, calcite; Qz, quartz; Cz, clinozoisite. Brackets indicate phase absent from reactions around invariant points: in (A), [An] example at 500 °C, the estimated peak metamorphic temperature for rocks away from intrusive contacts. At higher temperatures, the stability field of clinozoisite shrinks; clinozoisite is not stable at temperatures above ~ 550 °C. For the late veins, we show an example at 350 °C as this temperature is consistent with assemblages of many of the late veins and retrograde mineral assemblages, which include abundant chlorite and muscovite, and locally margarite. These diagrams are intended only as general guides of reaction trends (the arrows on the diagrams show possible trends, not specific reaction paths). Somewhat different topologies are predicted by different data bases [we used that of Helgeson et al. (1978) ]. Although veins clearly formed over a range of temperatures across the pendant, mineral activities vary among veins, and pressure is uncertain, the general trends inferred from the diagrams are robust. As shown by the general succession of minerals from host rocks through envelopes and to vein centers (arrows in Fig. 10A ; compare with Table 2), the mineralogic variations of most early veins can be accounted for by a general increase in OcJa^ toward the veins. As a^a^* increases toward veins, a Mg / a H+ decreases (this trend is most simply explained by a high aâ nd low a Mt in vein fluids). This trend and perhaps a decrease in aja^ toward early veins account for the replacement of biotite by feldspar or hornblende in the bleached envelopes so commonly observed around veins. The alteration associated with the early veins thus probably contributed to the high Ca/Mg ratios of some rocks (Fig. 5C ). These inferred alteration trends may reflect interaction of metavoloanic rocks with fluids derived from nearby metacarbonate rocks, a process similar to that forming bimetasomatic or reaction skarns (Einaudi et al., 1981) . In any case, although the drive for the various interactions and extent of transport is not fully understood, the presence of reaction envelopes around veins indicates that vein-forming fluids were transported across lithologic contacts and reacted with rocks with which they were out of equilibrium. The similarity of <5
O values of veins to those of local host rocks, however, suggests that either most such flow was among rocks with similar ( 5 18 O values or that the amount of fluid infiltration was low. Many late veins, particularly chlorite veins, show a tendency for a decrease in a^Ja^ from host rocks toward veins (Fig. 10B) . A decrease in a^Ja^* can also account for the formation of retrograde muscovite and chlorite in the host rocks (Fig. 10B ). This type of acid alteration is characteristic of cooling fluids in hydrothermal systems (e.g., see Burnham, 1979; Brimhall and Crerar, 1987) .
The timing of vein formation and the evolution of vein styles and orientation chronicle changes in the nature of fluid flow during contact metamorphism. As discussed above, early veins evidently began forming after most of the prograde heating had occurred in each part of the pendant, most likely as or just after peak temperatures were reached. The lack of earlier macroscopic veins implies that fluid flow during most of the prograde metamorphism and penetrative deformation, including fluid flow resulting from devolatilization of the rocks, was intergranular (although some fractures may have formed but not been preserved). Even though much of the record of early pervasive fluid flow is cryptic, metasomatic effects are apparent in some units. One example is in a ~ 10-m-thick felsic dike that cuts the westernmost K-altered ash flow tuff in the lower section for several kilometers (Fig. 6) . This dike has a Cretaceous U-Pb zircon age of ~ 100 Ma (Tobisch & Fiske, 1982) . In contrast to the alkali contents of the tuff [ Figs. 2 and 6 ; all analyses have K 2 O>7% by weight (Table 1) ], the alkali contents of the dike are evidently not disturbed (Na 2 O = 400% and K 2 O = 4-20%). The dike was therefore intruded after the prominent alteration of the lower section. However, this dike yields a high <5
O value (+ 13-6%o). We suggest that this high S 1S O value, as well as the complete replacement of igneous biotite and hornblende in this dike by metamorphic biotite and magnetite, reflects pervasive infiltration of high-temper-ature metamorphic fluids derived from nearby rocks. In addition, equilibration of most calcsilicate units of the lower section with H 2 O-rich fluids (summarized above) also requires that fluid flow was pervasive during prograde metamorphism (e.g., Ferry, 1986) .
The steep dip of lithologic layering and foliation in the lower section implies that permeability was anisotropic during prograde metamorphism such that pervasive fluid flow would have been greatest upward or along strike. Such an effect is indicated at small scales in that envelopes around veins and knobs are typically wider along the foliation. concluded that permeability varied by nearly two orders of magnitude among similar rock types in the Hope Valley pendants, ~ 100 km to the north of the Ritter Range pendant.
The late veins characterize fluid flow during the cooling history of the pendant. The orientation and great extent of these veins suggest that fluid flow during cooling of the pendant was across the lithologic layering and structural fabric and toward and into the granitoids, which were evidently impermeable during prograde metamorphism. We suggest that these features record the formation of fracture-controlled hydrothermal circulation in the pendant and granitoids at temperatures below at most 500 °C, and most likely at 350-400 °C (e.g., Fig. 10) . The D/H ratios of vein minerals and whole rocks imply that some meteoric waters were involved, as would be expected in such a system, but evidently not enough to alter <5
O values. In addition, the similarity of the <5
O values of the early and late veins despite the significant drop in temperature is also consistent with a decrease in the <5
O value of the fluid, as would be expected if some meteoric water were incorporated into the hydrothermal system at depth. Although most of the flow was evidently channelized, some pervasive infiltration produced the observed retrograde metamorphism.
The evolution from pervasive to channelized fluid flow and the change in the nature and orientation of veins reflect the processes that affect permeability during contact metamorphism (e.g., see Furlong et al, 1991; Manning & Bird, 1991) . During prograde metamorphism, pore-fluid expansion and fluid production act to produce microscopic fractures and lithostatic fluid pressures (Dutrow, 1990; Furlong et al, 1991; Hanson, 1992) . Both cease to operate in any part of the aureole once the peak temperature is reached. In addition, ductile defoonation of the rocks during prograde metamorphism associated with the emplacement of the Cretaceous batholith (Tobisch et al, 1986; Barton & Hanson, 1989) would have inhibited formation or opening of macroscopic fractures and thereby enhanced intergranular fluid flow.
The variety of orientations of early veins probably reflects multiple episodes of vein formation in a dynamic stress regime. Vein orientation in aureoles is controlled by the interaction of thermal stresses, stresses related to pluton emplacement, regional stresses, and fracture mechanisms (Knapp & Norton, 1981) . Dramatic changes in the orientation and magnitude of thermal stresses and fracture mechanism, in particular, are predicted as maximum temperatures are reached in any part of the aureole (e.g., see Knapp and Norton, 1981; Furlong et al, 1991; Manning & Bird, 1991) . The style of the early veins suggests that fluid pressures were at or near lithostatic values.
Regional stresses eventually dominate in controlling fracture orientations in plutons and wall rocks as cooling continues (e.g., Knapp & Norton, 1981) . The consistent orientation of the late veins in the Ritter Range pendant is similar to that of many other veins and shear zones in other Sierran granitoids from throughout the central part of the batholith (Segall et al, 1990) . The orientation of the late veins was thus probably determined by regional stresses related to the Sierra Nevada batholith. Once cooling of the pendant began, open fractures might be maintained (or new fractures continually produced) by thermal contraction of the rocks, and most processes leading to lithostatic fluid pressures-fluid production and pore fluid expansion (e.g., Dutrow, 1990; Norton, 1990; Hanson, 1992 
NUMERICAL MODEL OF METAMORPHISM AND FLUID FLOW
We have concluded that at depths of 6-9 km during Cretaceous prograde contact metamorphism of the Ritter Range pendant fluids were primarily derived locally from the metamorphic rocks and that extensive influx of external fluids did not occur until the rocks and granitoids had cooled well below ~500°C. In contrast, others have suggested that meteoric or pore fluids circulated toward intrusions at depth during prograde contact metamorphism in the Sierra Nevada and other batholiths and that such flow was critical in the metamorphic evolution of wall rocks Criss & Fleck, 1990; Taylor, 1990) . In this section, we analyze these contrasting hypotheses and quantify fluid fluxes and permeabilities with the use of numerical models of combined heat and fluid flow around intrusions (Hanson, 1992) . The models account for fluid production and anisotropic permeabilities; fluid production has not been included in most earlier models of fluid flow around intrusions [see Furlong et a\. (1991) for discussion and references]. The geologic relations in the Ritter Range pendant indicate that fluid production and anisotropic permeabilities affected fluid flow during contact metamorphism.
The models were scaled to approximate the estimated conditions during metamorphism of the lower section of the Ritter Range pendant because these rocks place the greatest constraints on the nature of high-temperature fluid flow. Although we did not try to approximate the exact geometry of the pendant because of poor controls on the nature of contacts in three dimensions and the coarse grid in the models, the models place important constraints on the general evolution of fluid flow, and the results we discuss are insensitive to such details.
A 10-km diameter intrusion was emplaced at 900 °C at a depth of 5-5 km. The scale and emplacement depth are representative of those of many nearby Sierran granitoids. The temperature and latent heat were as in the granodiorite model of Hanson & Barton (1989) . The section from the surface to the top of the intrusion was assigned an isotropic permeability (k x = k z ) of 100 /iD (where 1 pD= 10" 18 m 2 ), to represent the 5 km or so of highly permeable volcanic roof rocks that must have buried the upper and lower sections during the Late Cretaceous. For the wall rocks, we considered models with permeabilities between 0-1 and 100/xD. At permeabilities of ~100//D or greater, fluid advection dominates over conduction in transporting heat (Norton & Cathles, 1979) . The heterogeneity of the <5 18 O data and the widespread preservation of evidence of earlier alteration suggest that fluid fluxes were low enough so that heat flow was by conduction during contact metamorphism in the Ritter Range pendant [as has been assumed for most other Sierran pendants (e.g., Loomis, 1966; Barton et al., 1988; ]. On the other hand, rough calculations demonstrate that fluid pressures approach lithostatic at permeabilities of <0-l fiD for low rates of fluid production associated with regional metamorphism (e.g., Hanshaw and Bredehoeft, 1968; Yardley, 1986; Hanson, 1992) ; once lithostatic pressures are achieved, fracturing should at least maintain that permeability. We assumed that the fabrics in the rocks of the lower section would result in an anisotropy in permeability of one order of magnitude (k z = 10k x ). The intrusion was modeled as initially impermeable, but any part of it that cooled below 500 °C, the maximum temperature indicated by the late veins, was assigned a permeability equivalent to the vertical permeability (k z ) in the adjacent wall rocks.
The top of the models was held at 0 °C and was an open-flow boundary. The left boundary was symmetrical for both heat and fluid flow, and the right was a natural boundary for conductive heat flow (see Hanson & Barton, 1989) . No fluid flow was allowed across the right boundary: the presence of several coeval intrusions surrounding the pendant and the anisotropy in permeability implies that lateral fluid flow was limited. However, the type of right boundary (no-flow vs. open flow) does not greatly affect flow patterns or fluid pressures away from the boundary [compare with models described by Hanson (1992) ]. A heat flux enters the base, and is decreased beneath the intrusion and as the crust is heated so as not to heat the models artificially (see Barton & Hanson, 1989; Hanson & Barton, 1989; Hanson, 1992) .
Wall rocks below depths of 55 km were assumed to contain 5% water by weight, representative of hydrated volcanic rocks. In most models, this water was released continuously between 300 and 700 °C [cf. Fyfe et al. (1978) , Peacock (1989) , and Connolly & Thompson (1989) ; models with a reaction interval of 50 °C to simulate a single discontinuous reaction yielded similar results]. We assumed that the wall rocks extended to a depth of 13-5 km in most models, although we also examined greater depths because of uncertainty on the vertical extent of the Ritter Range pendant (the geometry was also probably different during emplacement of the Cretaceous batholith from that at present). No fluids were introduced from greater depths in the models. This is a conservative assumption because regardless of whether wall rocks or intrusive rocks underlay the pendant, some fluids would have been produced at depth.
For simplicity, we considered only a single intrusion in the model even though the pendant is surrounded by six large granitoids. In interpreting the models, we focused on the region within ~2 km of the contact at ~8 km depth, our best estimate of the average exposure level. Regions farther from contacts will be significantly affected by interactions among nearby intrusions, and temperatures, duration of metamorphism, and fluid fluxes will be underestimated [see Barton & Hanson (1989) and Hanson & Barton (1989) for discussion]. Temperatures, in particular, are also underestimated in parts of the pendant that overlie intrusive rocks at shallow depths, such as north and west of Garnet and Thousand Island lakes, in the western part of the pendant (Peck, 1964) , and to the north of the area shown in Fig. 1 (Oliver, 1977) . Furthermore, temperatures throughout the Ritter Range pendant probably increased slowly at first in response to distal magmatic centers such that the initial gradient was probably greater than the 25 °C/km used in the models. The models and calculations therefore apply only to the peak thermal pulse (cf. Barton & Hanson, 1989) , and temperatures have a large uncertainty.
In the models, maximum fluid production decreased from of the order of 10" 10 to 10" 12 kg/m 3 per s by about 400000 years after emplacement of the intrusion. In models with high wall rock permeabilities of 100 /zD (all values are for k x \ fluid production had little effect, and the overall flow was characterized by large-scale circulation of fluid and nearhydrostatic fluid pressures (Figs. 11 and 12 ). In contrast, at permeabilities <, 10 /JD, fluid pressures became elevated near the contact for a significant part of the thermal evolution, and fluids were expelled upward from regions of fluid production (Figs. 12 and 13) [in models with isotropic permeabilities and an open-flow right boundary, some flow is also outward; see Hanson (1992) for examples]. The increase in fluid pressure depends on permeability and decreases with time as fluid production decreases (Fig. 12) . When fluid production ceases to be important at depth, the flow pattern switches from expulsion of locally derived fluids to large-scale fluid circulation that allows some downward infiltration of meteoric fluids (see Fig. 13B -D, near the right boundary and above the intrusion). This change is consistent with the formation of the late veins. The models did not account for fracturing either when fluid pressures exceeded Uthostatic or to simulate the formation of the late veins. As a result, fluid pressures exceeded Uthostatic values in models with wall rock permeabilities of < 1 /iD. For a model with a wall rock permeability of 1 fiD (Fig. 12) , fluid expulsion persisted for most of the aureole for 400000 years, and fluid pressures were initially elevated significantly above hydrostatic values (Figs. 12 and 13) . By the time large-scale hydrothermal circulation developed at depth, the rocks within 2 km of the contact had reached their maximum temperatures and were cooling. In comparison, a well-developed shallow hydrothermal system rapidly formed in the highly permeable roof rocks.
Implications of the models for permeability, fluid fluxes, and flow paths
For the common assumption that fluid pressure was maintained near lithostatic during prograde metamorphism, the models can be used to estimate permeability. This assumption seems reasonable, particularly in areas undergoing ductile deformation during metamorphism (as in the Ritter Range pendant), because there will be a balance between processes creating and destroying permeability. If fluid pressures drop below lithostatic, thermal expansion of the rocks, ductile deformation, and mineral precipitation as a result of pressure solution will act to close small pores and fractures. Once pores close, fluid production and pore fluid expansion will raise fluid pressure sufficiently to reopen porosity or produce new fractures (e.g., Connolly & Thompson, 1989; Dutrow, 1990; Norton, 1990; Furlong et al, 1991) . Our models suggest that during prograde metamorphism of the rocks within 1-5 km of the contact, fluid pressures would reach lithostatic if the permeability were maintained between ~ 1 and 01 /iD. These estimates are primarily sensitive to the average heating rate of the pendant, which varies with time by several orders of magnitude and controls the rate of fluid production, rather than the assumption of fluid content of the rocks (which is uncertain by about a factor of two), the depth of fluid production (Fig. 12) , or the rough size of the intrusion. Where prograde metamorphism occurs over a longer time (for example, farther from the contact), lower permeabilities are required to maintain lithostatic fluid pressures. Permeabilities were still probably less than ~ 10 /iD during flow through the late veins in that fluid fluxes were evidently not high enough to affect significantly oxygen isotopic values of the rocks. Such a permeability can be produced by parallel fractures spaced 1 m apart, as for many late veins, with a minimum opening of ~5 /im (Norton & Knapp, 1977) . The current width of the late veins probably reflects gradual opening of the veins during cooling accompanied by mineral precipitation along the walls.
The only independent mechanism that raises fluid pressures in the models is fluid production. If other processes, such as transient thermal expansion of the fluids and ductile strain, are also acting to increase fluid pressure, a higher permeability could be supported at lithostatic fluid pressures during prograde metamorphism. Simple calculations, however, show that the effect of fluid production is at least comparable with these other effects and thus that the models are appropriate for a rough analysis. For example, the mass rate of fluid production per unit volume, J, is given by J = X(p m /AT(dT/dt) where X ( is the weight fraction of H 2 O in the rocks (0-05), p m is the rock density (2750 kg/m 3 ), AT is the reaction interval (400 °C), and dT/dt is the heating rate (Hanson, 1992) (Norton & Knapp, 1977) and a = 5xl0~3, J c is ~10% of J for any given heating rate (fluid expansion dominates at shallow depths and low temperatures, however, along the boiling curve). Similarly, the mass of fluid expelled by porosity reduction is given by p(d<f>/dt). Porosity reduction at a rate of 10" 14 per second, which might be reasonable at geologic strain rates (Walder & Nur, 1984; Nur & Walder, 1990) , would yield an amount of fluid comparable with that produced by a heating rate of 1 °C per 10 3 years. At such a rate of porosity reduction, a typical porosity of 0-01 would be eliminated in 30000 years (e.g., see Walder & Nur, 1984) . Permeability could not be reduced, however, beyond that needed for generation of lithostatic pressures by fluid production. One important effect not included in the models is fluids produced by crystallization of the intrusion. For a granodiorite with 2% water by weight, about twice as much fluid is released from the intrusion as from the wall rocks in the models (see Hanson, 1992) . Inclusion of these fluids would thus increase permeability estimates, particularly above the intrusion, by about a factor of 2-3 during its crystallization.
The fluid flux through the rocks where fluid pressure is maintained at lithostatic is given by the rate of devolatilization. Fluid flow is essentially down-temperature. In the model with the wall rock permeability of 1 /iD, time-integrated fluid fluxes at a depth of 8 km and within 1-5 km of the contact during prograde metamorphism were 3xl0 5 kg/m 2 after 100000 years and 4-5 x 10 5 kg/m 3 after 400 000 years. The flux approximately doubles when dehydration is allowed to a depth of 18-5 km, or is reduced by half when allowed to 11-5 km.
In contrast to our model of fluid expulsion during prograde metamorphism in the Ritter Range pendant, concluded that fluid flow was from low-temperature to hightemperature regimes in the Hope Valley pendants during prograde metamorphism. This flow pattern requires that fluids circulated toward intrusions at depth and thus that fluid pressures were near hydrostatic. The rocks in the Ritter Range pendant and the Hope Valley pendants are similar and were metamorphosed at about the same depth, and thus similar flow patterns should be expected. interpretation was based on the use of onedimensional reaction-transport models. The results of the models for specific assumptions on fluid composition and flow path, equilibrium, and energy conservation indicate that fluid flow within a unit up a stable temperature gradient drives decarbonation or devolatilization reactions whereas flow from high to low temperatures drives retrograde reactions Baumgartner & Ferry, 1991) . Despite the contrasting flow patterns predicted, our estimate of fluid flux caused by prograde devolatilization of the Ritter Range pendant is comparable with Ferry's estimate of the infiltration flux in the Hope Valley pendants. However, the average permeability estimated by is roughly an order of magnitude higher than our value for the same fluid flux because he calculated permeability using a fluid pressure gradient in Darcy's law of 15 bars/km, which is appropriate for fluid circulation at near-hydrostatic pressures.
Results from numerical models of fluid flow indicate that certain conditions are required to produce widespread infiltration of fluids up-temperature within one-half width of an intrusion with a vertical to shallowly dipping contact. Such widespread flow develops in the models only when both (1) the intrusion rapidly attains a permeability equal to or greater than that of the wall rocks [also a robust result of earlier models (see Cathles, 1977; Norton & Knight, 1977; Norton & Taylor, 1979; Furlong et al, 1991) ] and (2) the permeability is high enough (~ 10-100 fiD) that fluid production in the intrusion and wall rocks is insufficient to raise fluid pressures above hydrostatic values (Hanson, 1992) . These conditions are inconsistent with the geology of the Ritter Range pendant. The intrusions surrounding the pendant appear to have remained impermeable until the late veins formed at temperatures of < 500 °C. Because they intrude the rocks of the upper section, which have low ( 5 18 O values, some shift in isotopic values of the granitoids would certainly be expected had they been permeable at higher temperatures. Other workers have reached similar conclusions for'Cretaceous granitoids throughout the Sierra Nevada batholith (Masi et al, 1981; Kistler et al, 1986; Bateman et al., 1991) . As discussed above, major influx of meteoric fluids into the rocks of the lower section is precluded by the stable isotope data, and extensive lateral transport of pore waters would be volumetrically insignificant in comparison with the dehydration flux. Finally, the nature of the early veins and the coincidence of ductile deformation and metamorphism suggest that fluid pressures were near lithostatic during prograde metamorphism and as peak temperatures were reached.
Expulsion of fluids down-temperature during prograde heating is consistent with the observed extent of both dehydration and decarbonation reactions in the Ritter Range pendant. Progress of most dehydration reactions is insensitive to composition of H 2 O-rich fluids but strongly dependent on temperature. During prograde heating, isograds associated with dehydration reactions continually advance in response to temperature increases. Any fluid flow down a temperature gradient would aid in the advance by advecting heat, and retrograde reactions, which release heat that would further raise temperatures, are precluded. Once maximum temperatures are attained, down-temperature fluid flow will result in retrograde reactions and is a likely cause of retrograde assemblages observed in the Ritter Range pendant.
Mineral assemblages indicate that some calc-silicate units acted as fluid conduits in the Ritter Range pendant. For example, wollastonite-rich rocks indicate that local fluid/rock ratios (by mass) were at least three at 550 °C [if diffusion of CO 2 (Labotka et al, 1988) was not significant]. We suggest that such decarbonation reactions can be driven by infiltration without fluid flow toward higher temperatures. The resulting textures and reaction progress will depend on the uncertain effects of diffusion, dispersion, variable pore geometry and permeability, and reaction kinetics. Let us consider a simple bulk-rock model of dehydration in the pendant. Release of 2-3% of volatiles by weight from the metavolcanic rocks (only a few rocks reach 700 °C and release all of their volatiles) is equivalent to 6-9% fluid by volume. Metacarbonate rocks amount to < 1 % of the exposed rocks in the Ritter Range pendant, and some rocks have not reacted. Infiltration of H 2 O-rich fluids from the metavolcanic rocks (or an equivalent fluid mass from intrusions or rocks at greater depth) into the metacarbonate rocks could easily produce the observed apparent bulk fluid/rock ratios calculated for the calc-silicate rocks. Dehydration should continually force evolved waters into the most permeable units. Although not required in the Ritter Range pendant, addition of fluids from intrusions may also be needed to drive metamorphic reactions in areas where calc-silicate rocks are abundant [as has been suggested for the Notch Peak stock (Labotka et al., 1988) ]. Transient two-dimensional hydrothermal models that include chemical reactions are needed to clarify these effects further but are not yet possible with the grid size of our numerical models.
SUMMARY AND IMPLICATIONS FOR METAMORPHISM
AND FLUID FLOW IN ARC CRUST Geologic relations and geochemical data show that the Ritter Range pendant records > 100 million years of fluid-rock interactions that reflect the evolution of arc crust in the Sierra Nevada batholith. The nature, extent, and effects of fluid-rock interactions changed significantly over time as the rocks of the Ritter Range pendant reached different levels in the crust and were metamorphosed. The major events derived from the geologic and geochemical data and the numerical models are (Fig. 14) :
(1) Triassic and Jurassic metavolcanic rocks in the lower section of the Ritter Range pendant acquired their characteristic alkali alteration and elevated <5
I8 O values as a result of extensive interaction with marine waters at low temperatures (<250°C) during deposition of the section, in part in hydrothermal systems associated with coeval volcanic centers. This style of alteration apparently occurred (perhaps episodically) over many tens of millions of years. The bulk fluid/rock ratios responsible for this alteration (locally > 100) dwarfed those of later events.
(2) Mid-Cretaceous metavolcanic rocks of the upper section were altered in a shallow meteoric hydrothermal system associated with the caldera in which they were deposited. This alteration was superposed on metavolcanic rocks of the lower section only along the caldera margin; most of the rocks in the lower section were not affected. Renewed faulting along the caldera margins, perhaps associated with emplacement of the Tuolomne series, juxtaposed the upper and lower sections at depths of 6-9 km between ~ 100 and ~90 Ma.
(3) Emplacement of the main part of the Late Cretaceous Sierra Nevada batholith resulted in high-temperature contact metamorphism of both sections of metavolcanic rocks. Numerical models, vein relations, and geochemical data indicate that high-temperature fluids derived from dehydration reactions flowed primarily upward and down-temperature through the metavolcanic rocks. Fluid pressures were probably elevated to near-lithostatic values and permeability was maintained near 0-1-1 fiD. Compared with earlier events, interactions with externally derived fluids were minimal; as a result, the characteristic alteration and <5
18
O values of the earlier events in each section were preserved. (4) As the pendant cooled below 500 °C, fracturing allowed a shallow meteoric hydrothermal system to penetrate both the meta*morphic rocks and granitoids. Fluid flow was primarily channelized along fractures, but also resulted in some retrograde metamorphism in the host rocks.
If metamorphism in the Ritter Range pendant is typical of that in the Sierra Nevada batholith (Kerrick, 1970; Barton et al, 1988 Barton et al, ,1991 , our data indicate that meteoric fluids did not circulate to depths below ~6-8 km during prograde metamorphism and emplacement of the granitoids. Vigorous circulation of meteoric fluids is likely to have occurred near the tops of intrusions and in their volcanic cover and progressed to deeper levels only after peak temperatures were reached, significant fluid production ceased, and the host rocks and adjacent intrusive rocks were thoroughly fractured. Together, these data indicate that the assumption that fluid pressures approached lithostatic during metamorphism, as has been assumed in many studies of contact metamorphism, is reasonable for Sierran pendants.
Various aspects of this long and complex alteration history have been recognized in other pendants in the Sierra Nevada batholith and elsewhere in Mesozoic metavolcanic rocks in the western United States (Barton etal., 1988) , in other magmatic arcs (Hamilton, 1988a) , and in detail near shallow intrusions (e.g., Bird et al, 1988) . Nearby roof pendants contain pervasively altered Triassic and Jurassic volcanic rocks that were deposited in a marine environment (e.g., Busby-Spera, 1984) . The data from the Ritter Range pendant suggest that much of this alteration may have been acquired during or near the time of deposition. Interaction with marine waters has been implicated at higher temperatures in hydrothermal systems associated with many Jurassic granitoids in the western United States (Carten, 1986; Barton et al, 1988; Battles & Barton, 1989; Dilles et al, 1992) . Local meteoric hydrothermal systems associated with hypabyssal intrusions or magmatic centers, as for the rocks of the upper section of the Ritter Range pendant, have been recognized throughout the western United States, primarily where levels of exposure are shallow (< 6 km; see references in Barton etal, 1988) .
Complex and heterogeneous alteration histories are thus common in shallow arc crust. The rocks we now see exposed in batholiths and low-pressure metamorphic belts were probably affected by many distinct thermal and hydrothermal events (cf. Barton & Hanson, 1989) . Globally, many oceanic and continental-margin magmatic arcs are built of altered volcanic rocks deposited in marine environments (Hamilton, 1988a) . Because arc magmatism is a primary mechanism of growth of continental crust through time, recognition of such alteration in arc crust is important for assessing global geochemical budgets and crustal composition.
